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FOREWORD

This final report covers work performed under Contract No.
N00019-80-C-0319 from 15 July 1980 to 15 July 1981. Work was per-
formed by the Material and Process Development Department of the
McDonnell Aircraft Company, McDonnell Douglas Corporation, St.
Louis, Missouri. The program was administered under the direc-
tion of Naval Air Systems Command by Mr. John Gurtowski.

The program was managed by Mr. R. J. Juergens, with Dr.
J. F. Carpenter as Principal Investigator. Major contributors
were Messrs. T. T. Bartels, W. D. Tims, F. W. Giblin, C. E.
Wilson, G. Blase, M. E. Smith, J. Twitchell, and W. J. Keyes of
the Materials Laboratory.

For the purpose of this report, certain resin components are
identified by code designations, rather than by trade br chemical
names.
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1.0 INTRODUCTION & SUMMARY

Adhesively bonded structures for aircraft are manufactured

from many lots of film adhesive over an extended time span. It
is important that these materials have consistent flow properties

to ensure the reliability, reproducibility, and durability of the
bonded structures. Both the material supplier and the fabricator

must therefore implement adequate quality control of the flow pro-

perties of the adhesive materials. Most adhesive resin systems
used in structural applications are chemically complex. An unde-
tected formulation or processing error in the manufacture of the
resin system system can have a serious effect on the structural
and environmental integrity of flight hardware fabricated with
this anomalous material.

While performance type quality control tests have served
acceptably in the past and physiochemical tests are being intro-
duced, additional quality assurance tests are necessary to ensure
rheological (flow) consistency.

Thus the objectives of this program were to develop rheo-
logical test methods applicable to the adhesive system, to
demonstrate the viability of these techniques for in-plant
quality control, and finally to establish acceptance criteria
with statistically valid accept/reject limits.

These objectives were met. The viability of the rheological
test method was demonstrated by good correlation with the chemi-
cal and thermal properties of intentionally altered batches.
Replicate testing of multiple production batches showed good
method precision; however, batch-to-batch variation of current
vendor material was too great to establish meaningful accept/
reject limits.
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2.0 PROGRAM PLAN

The technical approach used is given in the Program Plan,
Figure 1. A suitable test method was selected and optimized.
The viability of the optimized method was demonstrated by measur-
ing the flow characteristics of altered baseline materials.
Alterations included changes in moisture content and level of
advancement (B-stage) of the as-received adhesive. Other than a
change in the starting chemical composition, moisture content and
degree of advancement were considered to be the two most likely
variations in as-received material to affect the rheology of the
adhesive. Under fixed cure cycle conditions any changes in resin
flow of the adhesive may adversely affect the mechanical proper-
ties of the bond.

Selected physiochemical and mechanical property tests were
made to determine correlative relationships with changes in the
rheology of altered baseline adhesive. Finally, five production
batches each of Types I and II adhesive were tested in replicate
for rheological properties by the optimized test method to estab-
lish statistically valid acceptance limits.

PHASE I - ESTABLISH VISCOELASTIC PROPERTIES AND TEST METHOD

The objective of this phase was to establish a suitable
rheological test method for quality control of an adhesive. The
RDS-7700 rheometrics dynamic spectrometer was the instrument of
choice. The objective was accomplished by first measuring vis-
cosity profiles of the baseline materials under varied cure cycle
conditions to determine the best time/temperature combination.
The selected cure cycle was then used to optimize the instrumen-
tal test parameters for the rheometer.

Preliminary in-house cure cycle investigations indicated
that viscoelastic measurements made using linear heating :ates
gave more reproducible viscosity profiles than measurements made
under various isothermal hold conditions. Viscosity measurements
for the baseline material were made using linear heating rates of
V°C, 2°C, and 4°C/minute. The selected heating rate of 2°C/min
was then used for a series of measurements to establish the
optimum instrumental parameters of strain, frequency and starting
temperature.

PHASE II - DETERMINE EFFECT OF MOISTURE ON MECHANICAL PROPERTIES
AND CORRELATE WITH RHEOLOGY

In this phase, specimens with varied moisture content were
tested for rheological properties, using the optimized test
method developed in Phase I. Mechanical test specimens were
prepared from moisture-conditioned adhesive films and tested at

2



Phase I - Establish Viscoelastic Properties and Test Methods
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Figure 1. Program Plan Chemorheology and Quality Control for an Adhesive
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three different temperatures. The effects of various moisture
contents on rheological properties were compared with their
effects on mechanical properties.

The adhesive is supplied as Type I and Type II. The two
types have the same chemistry but differ in the weight percent
scrim and in scrim weave. In addition, Type I is supplied at a
nominal film weight of 0.1 lb/ft 2 and Type II is a nominal 0.08
lb/ft2 .

The moisture content of adhesive films, Types I and II was
varied by drying the as-received material to constant weight over
a commercial desiccant (Drierite) and by exposing the as-received
material to constant weight (equilibrium) at 70% RH and 90% RH.
All exposures were made at 75°F. The moisture content of the
specimens was measured by three methods: gas chromatography,
Karl Fischer titriation, and weight gain or loss.

PHASE III - DETERMINE EFFECTS OF B-STAGING ON MECHANICAL AND
PHYSIOCHEMICAL PROPERTIES AND CORRELATE WITH RHEOLOGY

The objective of this phase was to determine the effects of
B-Staging (advancement) of the adhesive on its mechanical, physio-
chemical and rheological properties. The vendor B-stages the
material to a certain level of advancement during formulation.

For this phase, the as-received Type I adhesive was given
additional in-house B-staging of 0.5 and 1.0 hour at 240°F. The
as-received Type II adhesive was B-staged in-house for 1.0, 2.0
and 3.0 hours at 240*F. All B-staged specimens were tested for
rheological properties. The Type II B-staged specimens were also
tested for any changes in physiochemical and mechanical proper-
ties.

PHASE IV - ESTABLISH RECEIVING INSPECTION CONTROLS FOR SYSTEM
RHEOLOGY

In this phase, five recent production batches of Types I and
II adhesive were tested in replicate for rheological properties
and thermal characteristics. The test matrices were used to
determine acceptance limits based on encompassing 99% of the ex-
pected variation at 95% confidence limits.

4
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3.0 TECHNICAL RESULTS

3.1 PHASE I - ESTABLISH VISCOFLASTIC PROPERTIES AND TEST METHODS
- The rheometrics dynamic spectrometer (RDS) Model 7700, was the
instrument selected for this program. It is a dynamic, oscilla-
tory rheometer capable of measuring rheology over a wide range of

temperatures and can be programmed for any combination of linear
heating rates, isothermal holds, and simulated cure cycle condi-
tions. It provides continuous printout of data and automatically
plots dynamic viscosity (n), loss modulus (G") and storage
modulus (G'). In addition, in the plate-to-plate mode, measure-
ments can be made on the as-received adhesive without removing

the scrim.

3.1.1 Selection of Cure Cycle Conditions - From in-house
investigations, it was determined that the RDS data most useful
for quality control purposes was obtained from viscosity profiles
(plots of viscosity vs. time) for selected c,.re cycles. It was
further determined that flow measurements m&Ae using linear heat-
ing rates to the gel point were more reproducible than measure-
ments made under isothermal hold conditions. Therefore, the
first step in optimizing the test method for quality control pur-
poses was to measure viscosity as a function of time for linear
heating rates of 10C, 20C, and 40C/min. The following nominal
set of instrumental parameters, currently used for receiving
inspection, were used for these determinations:

o Plate gap = 3 plies of adhesive (specimen thickness)

- 1.1 mm for the Type I Adhesive
- 0.85 mm for the Type II Adhesive

o Frequency = 10 rad/sec
o Time span = to to tgel
o Strain = 20%

Test data are given in Table 1. Duplicate viscosity
profiles produced at 2°C/min and 4°C/min were more reproducible,
and req-iired less test time than the determinations at 1C/min.
Since more literature data is being reported at 2°C/min than at
4°C/min, the former heating rate was chosen.

3.1.2 Selection of RDS Instrumental Parameters - Strain and
frequency sweep were then made at 50'C and additional viscosity
profiles were generated at different frequencies and different
percentages of strain. The instrumental settings selected for
rheological quality control tests are as follows:

o Starting Conditions: 3 ply thickness, 60*C
o Frequency: 20 rads/sec
o Strain: 50%
o Heating Rate: 2*C/min

5



TABLE 1. RHEOMETRICS DATA AT THREE LINEAR HEATING
RATES FOR ADHESIVE (TYPES I AND 1)

HeatingHeateg Viscosity, 17 Time to Gel
Material Rats(OC/min) Minimum (Poise x 102) (min)

Adhesive 1 3.8 (3.5, 4.0) 107 (106, 108)
(Type I) 2 2.6 (2.5, 2.7) 60.5 (61, 60)

4 2.5 (2.5, 2.5) 35 (35, 35)

Adhesive 1 3.9 (3.5, 4.3) 104 (104, 104)
(Type 1 2 3.4 (3.7, 3.1) 58 (58, 58)

4 2.0 (1.6, 2.4) 35 (35,35)
OP13.0422.2

These conditions were selected to improve the signal to
noise ratio obtained at minimum viscosities, and thus improve the
test precision. For example, at 1 rad/sec frequency and 20%
strain, the torque values at minimum viscosity ranged from 0.6 to
1.3 gm-cm. Increasing the frequency to 10 rads/sec at the same
strain gave somewhat higher torque values of 1.5-2.5 gm-cm.
However, these values still gave poor sensitivity, since they are
at the lower extreme of the linear range for the 2000 gm-cm
torque transducer now installed in the RDS 7700 instrument.

We increased the strain to 90% for 1 rad/sec frequency and
obtained minimum values of about 5 gm-cm. Extrapolation of these
findings lead to the selection of 20 rads/sec frequency at 50%
strain as test parameters. This combination avoids an overload
(>2000 gm-cm) at the high viscosity end of the curve while bring-
ing the torque at the minimum viscosity to about 10 gm-cm. The
starting temperature for the optimized parameters was raised from
50"C, used in the early runs, to 600C. The higher starting tem-
perature lowered the starting viscosity and provided the adhesion
needed to avoid plate-to-sample slippage under the increased
strain.

Figure 2 compares the viscosity profiles generated under
current receiving inspection parameters with the optimized param-
eters developed in this program. With the optimized method there
was much less data scatter, particularly in the lower viscosity
area, where the greater part of the flow takes place.

6
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Figure 2. Optimization of Rheometrics Test Parameters for Adhesive Viscosity Profiles,
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3.2 PHASE II - DETERMINE EFFECTS OF MOISTURE ON MECHANICAL
PROPERTIES AND CORRELATE WITH RHEOLOGY

3.2.1 Moisture Conditioning of Adhesive Films - To achieve
specimens of adhesives having varied moisture content, one set
each of the as-received Type I and Type II adhesive was dried
over a commercial desiccant (Drierite) to constant weight and two
other sets were exposed in humidity cabinets to constant weight
(equilibrium) at 70% RH and 90% RH. All exposures were at 75*F.
Since single plies of adhesive films were exposed, most of the
weight gain at high humidity took place in the first few hours of
exposure. Traveler specimens 4 x 4 inches were used to monitor
weight gain or loss. After reaching equilibrium, the moisture
content of the exposed adhesive films was measured by gas chroma-
tography and by the Karl Fischer titrimetric method. While the
change in moisture concentration was suitably monitored by the
weight change of the traveler specimens, the weight change was
too small to obtain good quantitative data. It was noted,
however, that no significant weight loss was obtained for the
as-received specimens exposed over Drierite. Unfortunately, the
Karl Fischer results were not accurate due to deposition of the
resin on the electrode. Gas chromatography (GC) measurements
were reproducible and presumed accurate. The values for water
content are given in Table 2. The weight percent scrim was
determined for each specimen and water content is expressed both

TABLE 2. WATER CONTENT OF DRIED AND
HUMIDITY EXPOSED SPECIMENS FOR ADHESIVE

(TYPES I AND I[)

Water Content (wt %)
Exposure

Material Condition Gas Chromatography Scrim

Film Basis Resin Basis (Wt %)

Adhesive Dried @ 750 F (Mo ) 0.21 (1) 0.25 8.2
(Type I) As-Received (M1 ) 0.18(1) 0.19 8.2

70% RH @ 75°F (M2 ) 0.39 0.42 8.2

90% RH @ 750 (M3 ) 0.47 0.51 8.3

Adhesive Dried @ 750 F (MO) 0.31 (1) 0.32 3.4

(Type 11) As-Received (M1) 0.20" 1l 0.21 3.4

70% RH @ 750 F (M2 ) 0.33 0.34 3.6

90% RH @ 750 F (M3 ) 0.47 0.48 3.5

Note:
(1) Moisture content for dried specimen appears high -explanation is given in text

OPt 13l4
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on total film basis and on weight percent of resin basis. The
moisture determinations were made on the traveler specimens used
to monitor exposure, except for the as-received specimen. The
as-received specimen was taken from a different location on the
same roll of material and actually showed a slightly lower
moisture concentration than the dried material.

3.2.2 Determination of Moisture Effects on Rheological Pro-
perties - The rheograms obtained using the optimized parameters
for the RDS-7700 were used to check the effects of moisture on
the rheology of Type I and Type II adhesive. In the instrumental
optimization tests, data scatter and minimum viscosity values
were satisfactory for comparative purposes. For subsequent test-
ing, the rheograms obtained were also evaluated on the basis of
"flow numbers".

The calculation of the flow number is based on the fact that
total flow is directly related to the time of flow and inversely
related to viscosity (n). Thus, a quantitative measure of total
flow can be obtained by integrating dt/n from the start of the
cure cycle at time (to ) through the time of gel (tel). It would
appear possible to use either the minimum viscosity or the flow
number value for routine receiving inspection; however, the flow
number values include the entire viscosity profile and are more
meaningful from the standpoint of processing behavior.

Table 3 lists the results obtained for the rheological pro-
perties of specimens with variations in moisture content. For
the Type I adhesive, the flow numbers indicate a trend toward a
slight drop in flow with increased moisture content. No signifi-
cant change was noted for the Type II adhesive.

TABLE 3. EFFECT OF MOISTURE ON RHEOLOGY FOR ADHESIVE (TYPES IAND R)

Material Exposure Water (1 )  RDS-Flow Number Viscosity, 7t
Condition (wt %) (min/Poise) x 10.2 Minimum (Poise) x 10 2

Adhesive M o  0.21 10.11 (9.508, 10.710) 2.57 (2.712, 2.432)
(Type D M1 0.21 9.99 (9.698, 10.280) 2.57 (2.632, 2.504)

M 2  0.42 9.11 (9.208, 9.012) 2.76 (2.742, 2.785)

M3  0.51 9.02 (9.423, 8.611) 2.82 (2.766, 2.869)

Adhesive M0  0.26 8.74 (8.113, 9.367) 3.12 (3.250, 2.990)
(TypeI M 1  0.26 8.78 (8.691, 8.878) 3.14 (3.186,3.100)

M 2  0.34 8.76 (8.389, 9.129) 3.14 (3.294, 2.976)

M3  0.48 8.45 (8.763, 8.134) 3.26 (3.183, 3.335)

Note: OI4444

(1) Resin basis

9
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3.2.3 Determination of Moisture Effects on Mechanical
Properties - The Type I moisture conditioned adhesive materials
were used to prepare mechanical test specimens. Single lap
shear, Bell peel, and flatwise tension specimens were fabricated
from adhesives at each moisture level and tested at temperatures
of -65°F, RT, and 2500 F. Test specimens were prepared as
follows:

Single Lap Shear Tests - Thin sheet (0.063 in.) 7075-T6 bare
aluminum was used for bonding the adhesive. Prior to priming,
each aluminum panel was vapor degreased, then treated with alka-
line cleaner followed by acid etch. American Cyanamid BR127
primer was used to prime aluminum surfaces. The specimens were
cured at 350°F for 60 minutes. Autoclave pressure, heat up
rates, post cure time, etc., routinely used for receiving inspec-
tion tests were used for specimen fabrication.

Bell Peel Tests - Cleaning and priming operations similar to
those used for fabrication of lap shear specimens were used to
prepare 2024-T3 aluminum for bonding. The adhesive was bonded be-
tween prepared aluminum sheets under fixed cure cycle conditions.

Flatwise Tension Tests - Specimens were fabricated using
thin sheet 7075-T6 bare aluminum and 5056-H-39 non-perforated
aluminum honeycomb core. Bonding surfaces were vapor degreased,
alkaline cleaned and primed with BR127 primer. Adhesive strength
was measured by loading the face to core bond in tension at a
rate of 900-1000 pounds per minute until failure.

The data for Type I adhesive are given in Table 4. The
average of the Bell peel test results for Type I adhesive show a
slight trend toward an increase in peel for increased moisture
content. Conversely, the single lap shear values at room tempera-
ture and 250*F test temperatures and the flatwise tension at
250°F show a slight decrease.

The Type II moisture conditioned adhesive was used to pre-
pare Bell peel and double lap shear (DLS) mechanical test
specimens. The double lap shear specimens were prepared by
cocuring five plies of AS/3501-6 graphite epoxy to 0.05 inch 6-4
titanium. The mechanical properties measured at three test
temperatures are given in Table 5. The Bell peel test results at
room temperature and 250°F show a trend toward slightly greater
values with an increase in moisture content of the adhesive. The
double lap shear results show a trend toward a slight drop in
values obtained at the 250°F test temperature with an increase in
moisture content of the adhesive.

10



TABLE 4. EFFECT OF MOISTURE ON MECHANICAL PROPERTIES
FOR ADHESIVE, TYPE I

Bell peel

Exposure Moisture Bell Peel (lb/in.)(1
Condition 0 75OF lwt%) -65 0 F R.T. 250OF

M0 (Dried) 0.20 8.2 29.0 27.4
s X(2 (3.5) (1.7) (5.5)

M, (As-Received) 0.20 9.8 30.2 27.9

Sx(4.0) (2.7) (4.0)

M2 (70% RH) 0.39 19.8 31.5 31.0
Sx(4.5) (4.2) (5.9)

M3 (90% RH) 0.47 10.8 33.6 32.9

I x 1(8.8) 1(5.6) (6.3)

Single Lap Shear

Exposure Moisture Singe Uap Shear (ps)"1)

Condition @ 75'OF (wt%) -65OF R.T. 2500F

M0 (Dried) 0.20 3,690 4,640 3,120
Sx(900) (470) (315)

M, (As-Received) 0.20 4,430 4,920 3,390
Sx(465) (160) (185)

M2 (70% RH) 0.39 3,510 3,650 3,700
SX(215) (370) (145)

M3 (90% RH) 0.47 3.730 3,960 3,450
Sx 1(575) 1(340) 1(130)

Flatwise Tension

Exposure Moisture Flatvise Tension (psi)(1

Condition 0 75OF ('t%) -659F R.T. 25&0F

M0 (Dried) 0.20 1.560 1,510 980
Sx(40) (90) (70)

M, (As-Received) 0.20 1,640 1,560 1,010

Sn (40) (135) (80)

LM 2 (70% RH) 0.39 1,600 1,530 920
Sn (80) (60) 135)

M3 (90% RH) 0.47 1,450 1,420 950
Sn (135) 1(80) (85)

_ _ - - - - __

(1) Averaec of 5 valuesa 541

(21 Sx -standard deviation



TABLE 5. EFFECT OF MOISTURE ON MECHANICAL PROPERTIES
FOR ADHESIVE, TYPE ]I

Ben Peel

Exposure Moisture Bell Peel (lb/in.)(1 )
Condition @ 750 C (wt%) -65OF R.T. 2500F

M0 (Dried) 0.25 3.5 26.9 41.9
Sx (2)  (1.0) (3.3) (2.1)

M 1 (As-Received) 0.25 3.5 32.5 40.0
Sx  (1.0) (1.2) (2.8)

M2 (70% RH) 0.33 3.0 34.8 43.6
Sx  (0.7) (0.8) (1.4)

M3 (90% RH) 0.47 3.8 37.0 45.5
Sx  (0.0) (1.0) (2.4)

Double Lap Shear

Exposure Moisture Failing Stress (psi) ( ' )

Condition @ 756F (wt%) 65OF R.T. 250°F

M0 (Dried) 0.25 4,600 4,480 2,300
Sx  (490) (200) (85)

M1 (As-Received) 0.25 4,440 4,340 2,390
Sx  (400) (290) (140)

M2 (70% RH) 0.33 4,260 4,020 2,140
Sx  1(540) (140) (210)

M3 (90% RH) 0.47 4,800 4,910 2,140
Sx  (240) (120) (185)

(1) Average of 5 valves
(2) Sx = standard deviation

OP14M42.t7

3.2.4 Correlation of Rheological and Mechanical Property
Data for Variations in Moisture Content - The rheological and
mechanical data for both Types I and II adhesive show that the
moisture content of the adhesive had no statistically significant
effect on either of these properties. The double lap shear
values for Type II adhesive are lower than the current receiving
inspection value. This was probably due in part to the fact that
the probable loss of moisture did not allow the adhesive to be B-
staged on the titanium metal. The reason for low values for Bell
peel strength at -65*F for both types of adhesive is unknown.

3.3 PHASE III - DETERMINE EFFECTS OF B-STAGING ON MECHANICAL AND
PHYSIOCHEMICAL PROPERTIES AND CORRELATE WITH RHEOLOGY

3.3.1 Preparation and Rheological Determinations for the B-
Staged Specimens - Type II adhesive film was staged for 1, 2, and
3 hours at 240*F. Type I film was staged at the same temperature
for 0.5 and 1.0 hours. The as-received and staged materials for
both Types I and II were tested for rheological properties. The
Type II specimens were also tested for physiochemical and mechani-
cal properties.

12



Rheological Properties -The rheograms obtained using the
optimized instrumental parameters clearly showed the effects of
B-staging on both Type I and Type II. Figure 3 shows the
viscosity profiles obtained for Type II, as-received and after
additional in-house B-staging. The viscosity is higher for the

B-Stage Condition

10o6 As-Received
3hr I hr

2 hr

0.

05

14

* 020 40 60 80

Time - minPI.421

Figure 3. Effect of B-Staglng on Viscosity Profile for Adhesive a 20CImin
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staged materials throughout the cycle and the time to gel is
decreased. Thus, the total flow of the resin decreases as 3-
staging is increased. Critical data obtained from the viscosity
profiles for these materials are given in Table 6.

3.3.2 Physiochemical Characterization of B-staged Specimens
- The physiochemical tests selected to measure the effects of B-
staging were liquid chromatography and differential scanning
calorimetry.

Characterization by Liquid Chromatography - Reverse phase
gradient liquid-liquid chromatography (RPLLC) separates the resin
components on the basis of differences in their polarity. By
RPLLC it is possible to measure the relative amounts of unreacted
(free) components and the reaction products formed during vendor
formulation of the resin. Figure 4 shows the chromatogram of the
as-received Type II adhesive batch. The peaks are identified in
Figure 5.

To determine the effects of additional B-staging on the
adhesive, each peak area was ratioed to a single peak. It was
evident that measurement of uncombined curing agent No. 2 gave
the best correlation with the degree of resin advancement
obtained by additional in-house B-staging. Standards made up
having known amounts of free curing agent No. 2 were used to
calculate the weight percent of this component. The data is
given in Table 7.

The actual stoichiometric weight percent added by the vendor
has been shown by infrared measurements to be about 7.5%. Thus,
B-staging by the vendor has reduced the amount of uncombined
curing agent No. 2 to 4.3% in the as-received material. A plot
of the concentration of the unreacted curing agent No. 2 vs
in-house B-staging time is shown in Figure 6.

TABLE 6. EFFECT OF B-STAGING ON RHEOLOGY
FOR ADHESIVE (TYPES I AND 11)

Material B-Stage Condition RDS-Flow Number Minimum Viscosity
(hr i 2400 F) (min/Poise) x 10-2 (Poise) x 102

Adhesive As-Received 7.80 (7.923, 7.686) 3,18 (3.12, 3.24)
(TypefD 0.5 6.41 (6.037, 6.787) 3.90 (4.07, 3.74)

1.0 5.25 (5.443, 5.064) 4.85 (4.78, 4.91)

Adhesive As-Received 8.34 (8.303, 8.379) 3.55 (3.55, -

(Type I) 1.0 7.18 (7.320, 7.035) 4.09 (3.96,4.22)

2.0 3.59 (3.590, 3.598) 7.43 (7.68, 7.18)

3.0 2.14 (2.049, 2.235) 11.37 (10.91.11.83)

GPI404fl4
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Figure 4. Separation of Adhesive Components by Liquid Chromatography (RPLLC)
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Peak Number Description of Reaction from FTI R Spectrum

1 TFH Solvent (Not Shown)

2 Curing Agent No. 1

3 Curing Agent No. 2

4 Undefined Polar Reaction Product of Curing Agent No. 2

5 Reaction Product of Curing Agent No. 2 and Epoxide No. 1 Resin

6 Epoxide No. 1 Resin

7 Intermediate Molecular Weight Epoxy Resin

8 Reaction Product of Curing Agent No. 2 and Epoxy Resin

9 Reaction Product of Curing Agent No. 2 and Epoxy Resin
(Including Some Halogenated Epoxy Resin)

10 Reaction Product of Curing Agent No. 2 and Halogenated Epoxy Resin

11 Less Polar Reaction Product of Curing Agent No. 2 and Epoxy

GP1S.04l.12

Figure 5. Identification of RPLLC Fractions

TABLE 7. EFFECT OF B-STAGING ON CHEMICAL AND THERMAL

CHARACTERISTICS FOR ADHESIVE TYPE (W)

Thermal Analysis
DSC-2 0 5°C/min Concentration of Free

B-Stage Condition Curing Agent No. 2
(hr 0 2400 C) On-Set Curig Agt N.,2

Temperature (wt/wt %)(1)
(0C) (Cal/g)

As-Received 158.3 64.3 4.26 (4.28, 4.25)

1.0 157.1 59.4 1.62 (1.43,1.82)

2.0 155.3 54.9 0.90 (0.83, 0.97)

3.0 151.5 49.8 0.44 (0A3, 0.44)

Note: OPS2.0U4
(1) Film basis (includes scriml

16
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Figure 6. Effect of B.Staging on the Concentration of Unreacted Curing Agent No. 2

Thermal Characterization by Differential Scanning Calorim-
etry - Differential Scanning Calorimetry (DSC) was used for
thermal analysis of the Type II adhesive batch in the as-received
condition and after additional B-staging at 240*F for 1, 2, and 3
hours. The Perkin-Elmer Thermal Analysis Station was used. In
the differential scanning calorimetry (DSC) mode, the instrument
records the rate of energy released or absorbed as a function of
temperature at a selected linear heating rate. The "thermal sig-
nature" obtained for thermosetting resins is used in routine
quality control. A thermogram of the as-received adhesive Type
II is shown in Figure 7. The on-set temperature and exopeak
temperatures plus the exothermal heat of the cure reaction,
obtained by integration of the cure reaction curve, are automati-
cally calculated and recorded on the thermogram. The data is
given is Table 7.

17
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Onset Temperature 158.5°C

S i Scan Rate = 5°C/min
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Figure 7. DSC Thermogrm for Adhesive, Type 11

3.3.3 Mechanical Properties of B-Staged _Specimens - Bell
peel and double lap shear specimens were fabricated from Type II
adhesive in the as-received condition and from material staged 1,

~2, and 3 hours at 240°F. Five specimens from each condition were
~tested at -65°F, RT, and 250°F. The data are given in Table 8.

For Bell peel, tests at 250*F showed improved peel strength
for 1.0 and 2.0 hours B-staging. The test values for peel
strength of -65F and RT were inconclusive, and the -65F peel

strength values were all exceptionally low. For specimens tested
at room temperature and 2501F the best double lap shear strength
values were obtained for 2 hours B-staging. Strength at -65*F
was not improved by B-staging.

f2Bhu
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TABLE 8. EFFECT OF B-STAGING ON MECHANICAL PROPERTIES

FOR ADHESIVE, TYPE I

sell Peel

B-Stage Average Peel (lb/in.}(1)
Condition

(Hours @ 2400 F) -65°F R.T. 250OF

As-Received 3.2 21.4 48.6
Sx  (1.1) (8.3) (6.4)

1 4.5 10.7 50.0
Sx  (1.9) (4.7) (0.9)

2 3.5 13.3 54.4
Sx  (0.6) (7.5) (4.2)

3 3.5 11.3 49.3
Sx  (0.6) (8.1) (1.7)

Double Lap Shear

B-Stage Failing Stress (psi)(' )

Condition
(Hours 0 2400 F) -65°F R.T. 250°F

As-Received 7,340 5,155 2,715
Sx  (899) (345) (116)

1 6,745 4,985 2,715
Sx  (132) (190) (235)

2 6,280 5,880 2,830

Sx  (304) (379) (304)

3 6,720 4,590 2,490
Sx  (488) (473) (1821

(1) Average of 5 values oP1345M2.ia

(2) Sx = standard deviation

3.3.4 Correlation of Data - The effect of variations in the
B-staging of the adhesive can be quantitatively measured by both
rheological and physiochemical methods. The amount of flow, as
measured by the optimized RDS test method, shows a consistent
decrease in flow with increased B-stage time. The minimum viscos-
ity values are also consistent and the values increase with
increased B-staging. The degree of advancement also correlates
well with the amount of uncombined curing agent No. 2 as measured
by liquid chromatography. Thermal analysis data shows a continu-
ous decrease in onset temperature and heat of reaction with
increased B-stage time. The rheological and physiochemical
property measurement are sufficiently quantitative and precise
for use in optimizing the mechanical properties.
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3.4 PHASE IV - ESTABLISH RECEIVING INSPECTION CONTROLS FOR

SYSTEM RHEOLOGY - The primary objective of this program was to
establish receiving inspection controls that would ensure consis-

tent rheological properties and response to cure for in-coming
adhesive, Types I and 11. In the course of our investigation, we
compared rheological properties with physiochemical properties
and found that the heat of reaction (AH) as determined by differ-
ential scanning calorimetry (DSC) measurements afforded a more
meaningful control for thermal characteristics than did exotherm
peak temperature (Texo) originally proposed in Reference (I).
Therefore, we have tested five production batches each of Type I
and Type II adhesive for thermal characteristics as well as
rheological properties.

3.4.1 Thermal Analytical Data - From the data given in
Table 9, it is recommended that the heat of reaction (AH) be used
for the thermal acceptance criteria to replace the current
control based on Texo.

3.4.2 Rheological Property Data - From the data given in
Table 10, it is recommended that the RDS Flow Number be used for
the rheological acceptance criterion. Analysis of variance
showed that the optimized test procedure gave acceptable preci-
sion (repeatability) and that a large variation in batch-to-batch
flow properties is responsible for the exceptionally large

TABLE 9. THERMAL ANALYSIS DATA FOR FIVE
PRODUCTION BATCHES FOR ADHESIVE (TYPES I AND I)

DSC-2 @ 10°C/min
Batch

Material Number On-Set Temperature AH
(0C) (Cal/g)

Adhesive 374 165.8 (165.6, 166.0) 63.2 (63.5, 63.0)
(Type 1 375 164.0 (164.1,163.8) 69.0 (69.1,69.0)

376 165.0 (165.7, 164.4) 67.6 (65.7, 69.6)

377 165.0 (164.9, 165.1) 63.0 (63.2, 62.7)

380 163.3 (163.2, 163.4) 63.5 (62.8, 64.2)

Mean 164.6 65.3
Standard Deviation 1.0 2.9
"A" Allowable Range 164.6 ± 4.4 65.3 ± 12.7

356Adhesive 108 163.2 (162.8, 163.6) 68.8 (68.9,68.8) I
(Typ 11)113 166.2 (165.9, 166.4) 65.5 (65.5,-)

115 164.6 (164.6, 164.5) 70.9 (71.0,70.8)
118 164.0 (163.9,164.2) 71.0 (70.4,71.5)

120 165.2 (165.4, 165.0) 64.4 (64.0,64.9)

Mean 164.6 68.4
Standard Deviation 1.1 2.9
"A" Allowable Range 164.6 4.8 68.4± 13.3
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TABLE 10. RHEOMETRICS DATA FOR FIVE PRODUCTION
BATCHES FOR ADHESIVE (TYPES I AND I)

Batch RDS Flow Number Viscosity, 1
Material Number (min/Poise x 10-2) Minimum (Poise) x 102

Adhesive 364 10.04 (9.779, 10,300) 2.62 (2.709. 2.540)
(Type ) 375 10.26 (10.32, 10.19) 2.56 (2.566, 2.548)

376 8.90 (8.645, 9.157) 3.01 (3.065, 2.960)

377 8.97 (8.967, 8.967) 2.98 (3.004, 2.947)

380 8.82 (9.053, 8.583) 2.90 (2.853, 2.946)

Mean 9.40 2.81
Standard Deviation 0.68 0.20
"A" Allowable Range 9.40 ± 3.01 2.81 ± 0.89

Adhesive 108 8.36 (8.422, 8,307) 3.54 (3.526, 3.560)
(Type ML) 113 7.69 (8.034, 7.342) 3.79 (3.636, 3.940)

115 12.90 (13.55, 12.26) 2.09 (1.972, 2.206*)

118 10.51 (10.02, 11.00) 2.73 (2.778, 2.687)

120 9.22 (9.111, 9.338) 3.05 (3.099, 3.008)

Mean 9.74 3.04
Standard Deviation 1.99 0.64
"A" Allowable Range 9.74 + 8.84 3.04 ± 2.84
Run 24 days later ( > out time) OP13124

standard deviation. Acceptance limits based on these data which
would encompass 99% of the expected variation with 95% confidence
("A" allowable range) gives an unacceptably large spread. It istherefore recommended that the accept/reject limits be estab-

lished after this variation is brought under control by the
vendor and sufficient data is collected from future production
batches.
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4.0 CONCLUSIONS

Quantitative rheological control of as-received adhesives
Types I and II can be achieved using the method developed in this
program. It can be applied to the adhesives without separating
the resin from supporting scrim. A computer program utilizing
measured viscosity data can be used to give a quantitative
measure for total resin flow under cure cycle conditions.

Variations in the moisture content of the adhesive, includ-
ing equilibrium at 90% RH, have only a minor effect on the
rheological and mechanical properties.

Variations in the degree of advancement or B-stage condition
of the adhesive can be quantitatively measured by the optimized
rheological test method. Total resin flow measurements correlate
well with the concentration of free (uncombined) curing Agent No.
2, as measured by reverse phase liquid chromatography, and with
the exothermal heat of the cure reaction as measured by differen-
tial scanning calorimetry. For the particular adhesive batch
used for B-staging effect studies, the best peel and shear
strength properties are obtained after two hours of additional
in-house staging at 240 0F.

While the rheological property data demonstrated good test
method precision, the batch-to-batch variation was too great to
establish meaningful accept/reject limits. It is recommended
that acceptance limits be established at a later date after
sufficient data is available from future production batches.
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